Introduction {#sec1-1}
============

The mammalian olfactory system is unique as the primary olfactory neurons that reside in nasal cavity continuously turnover throughout life. After injury, the primary olfactory neurons degenerate, however they are rapidly replaced by new neurons arising from stem cells which line the basal layer of the olfactory epithelium. Unfortunately, this ability reduces with age, inflammation, and chronic sinus infection; and tumour extraction of the anterior skull can cause scarring or tissue disruption which prevents effective axon targeting and subsequently leads to olfactory dysfunction (Doty et al., 1984; Deems et al., 1991; Schiffman, 1997; Wu and Davidson, 2008). One of the major causes of olfactory dysfunction in humans is head trauma, which results in 5-26% incidence of olfactory dysfunction (Temmel et al., 2002; de Kruijk et al., 2003) and only 10--38% of individuals recover from the condition (Temmel et al., 2002; de Kruijk et al., 2003; London et al., 2008). A recent study has reported that anosmia increases the mortality of adult individuals up to four times (Pinto et al., 2014). Therefore, finding a treatment to improve olfactory dysfunction has been considered by several studies, but effective treatments are not yet available (Kobayashi and Costanzo, 2009; Reden et al., 2011).

Growth factors play critical roles in olfactory neurogenesis. Various studies have shown that neurotrophic factors, such as nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF) and basic fibroblast growth factor (bFGF) can stimulate regeneration of primary olfactory neurons (Aiba et al., 1993; Nishikawa et al., 2009; Nota et al., 2013). Vascular endothelial growth factor (VEGF) has showed its association in cell proliferation, survival and migration of neural/stem progenitor cells and its receptor VEGFR-1 regulated adult olfactory bulb neurogenesis in mice (Jin et al., 2002; Wittko et al., 2009). Platelet-derived growth factor (PDGF-BB) also implicated as an essential factor in the regulation of stem/progenitor cells and it has promoted proliferation and migration of new born neurons into striatum and the substantia nigra of brain (Mohapel et al., 2005). In our previous study, we showed that combined delivery of two VEGF and PDGF into the injured spinal cord significantly reduced tissue loss and scar formation, and improved axonal regeneration and locomotor function (Lutton et al., 2012; Chehrehasa et al., 2014). Similar results were reported with combined delivery of PDGF and VEGF after stab brain injury (Norazit et al., 2011).

The aim of this study was to investigate the effect of combined VEGF and PDGF treatment in early regeneration of primary olfactory neurons and glial scar formation after unilateral bulbectomy in neonatal mice.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

We used a transgenic reporter mouse line which we produced: OMP-ZsGreen mice, in which the olfactory marker protein (OMP) drives expression of the bright fluorescent protein ZsGreen in primary olfactory sensory neurons (Windus et al., 2010; Ekberg et al., 2011). This allows easy visualisation of these neurons *in vivo* and *in vitro*, and also distinguishes olfactory nerve fascicles from bundles of the intranasal branch of the trigeminal nerve (in which neurons do not express OMP). Overall, we used 45 mice at postnatal day 4 (P4)--P18 (weight between 3--10 g). All procedures were carried out with the approval of the Griffith University Animal Ethics Committee (ESK/01/16/AEC) and QUT Animal Research Ethics Committee (1600000364) under the guidelines of the National Health and Medical Research Council of Australia and the Australian Commonwealth Office of the Gene Technology Regulator.

Surgical ablation of olfactory bulb (bulbectomy) {#sec2-2}
------------------------------------------------

Unilateral surgical ablation of olfactory bulb was performed in OMP-ZsGreen transgenic mice at P4 age as described previously (Chehrehasa et al., 2008). Pups were anaesthetized by putting them on ice for 7 min. To expose the cranial bones to access the olfactory bulb, a midline skin incision was made and the bone was removed using a surgical drill with a 0.5 mm burr. The olfactory bulb was aspirated using a glass pipette attached to a vacuum. The surgical wound was sutured and the animals were injected subcutaneously with analgesic drug Carprofen (4 mg/kg; Parchem, New York, NY, USA). For each time point, six littermates were used with three operated control pups and three operated with growth factor treatment.

Tissue fixation and preparation {#sec2-3}
-------------------------------

Mice were sacrificed by cervical decapitation at 3, 5, 7, 10 and 14 days and the heads fixed by immersion in 4% paraformaldehyde in phosphate buffered saline (PBS) at room temperature for 24 hours. Following fixation, the skulls of the animals over 10 days old were decalcified in 20% disodium ethylene diaminetetraacetic acid (EDTA) in PBS. They were then embedded in Optimal Cutting Temperature (O.C.T) compound (Miles Scientific, Naperville, IL, USA) and snap frozen by immersion in iso-pentane that had been cooled with liquid nitrogen. Cryostat sections (30 μm) of the nasal cavity and brain were sectioned, mounted on to gelatinized slides and stored at --20°C before immunohistochemistry.

Immunohistochemistry {#sec2-4}
--------------------

Immunohistochemistry was performed as previously described (Chehrehasa et al., 2009). Cryostat sections were incubated with the following antibodies: polyclonal rabbit anti-GFAP (1:500; Dako, Glostrup, Denmark, ZO334), polyclonal rabbit anti-GAP43 (1:1000, AB-16053, Abcam, Melbourne, VIC, Australia) overnight at room temperature and incubated with the appropriate secondary antibodies Alexa Fluor 647 (1:200; Life Technologies, Pty Ltd, Melbourne, Australia) for 3 hours at room temperature. The sections were counterstained using Vectashield 4',6-diamidino-2-phenylindole mounting medium (Vector Labs, Burlingame, CA, USA) to label cell nuclei.

Quantification of axonal extension into operated cavity {#sec2-5}
-------------------------------------------------------

Within the cavity left by the bulbectomy, the regenerating axons were present and formed a network structure termed "regenerating plexus". To quantify the length of regenerating axon, the first and the last coronal sections of the operated cavity in which regenerating olfactory axons were detectable were considered the starting and ending points respectively. The length of the region was determined by the number of serial coronal sections between two points.

Quantification of olfactory receptor neurons and astrocytes {#sec2-6}
-----------------------------------------------------------

Quantifications of olfactory receptor neurons were performed by counting number of neurons in 300 µm spans of the olfactory epithelium of coronal sections of each animal (three sections from each animal \[three animals in two groups\], similar regions of the epithelium). Three sections from specific regions of the olfactory epithelium from each animal were chosen. The number of olfactory sensory neurons was quantified in each section by counting the number of OMP-ZsGreen positive neurons or growth associated protein 43 (GAP-43) neurons in the field of view using a 40× objective (Olympus FV1000 laser scanning confocal microscope, Australia Pty, Ltd., VIC, Australia) (300 µm; length of the epithelium in each section, 900 µm in each animal. The quantification were performed after bulbectomy in both treated and control injured and no injury animals (injured animals = 30, control non-injured = 15). For the olfactory epithelium thickness quantification, the same regions of the olfactory epithelium were measured in the same animal groups (as explained above).

For quantification of astrocytes within the region of operated cavity, three sections from each animal were chosen (three sections from each animal \[three animals in two groups\]) and the number of DAPI-stained nuclei co-labelled with glial fibrillary acidic protein (GFAP) antibody was counted (3.09 mm^2^ areas in each animal).

Intranasal delivery of combined VEGF and PDGF {#sec2-7}
---------------------------------------------

Animals were randomly divided into control injured (*n* = 15) and combined VEGF/PDGF growth factors groups (*n* = 15). The growth factors were dissolved in normal saline to a final concentration of 100 μg/100 μL. The pup was held in prone position and a droplet was placed by pipette tip on each nostril to inhale. Pups remained in the prone position until no liquid was present around the nose. The growth factor treatment group received 1.5 μg of each growth factor intranasally for three consecutive days post bulbectomy (VEGF-165, Cat \# PMG0041; PDGF-BB, Cat \# PHC939, Life Technologies, Melbourne, VIC, Australia). The control injured group received the same volume (3 μL) of normal saline. A group of control animals with no injury (*n* = 15) was added to provide base lines for data analysis.

Image capture and image preparation {#sec2-8}
-----------------------------------

Images were captured using an Olympus FV1000 laser scanning confocal microscope (Olympus Australia Pty Ltd.). Captured images were colour balanced uniformly across the field of view with Adobe Photoshop CC 2015 (Creative Cloud All Apps, VIC, Australia) and compiled into panels with Adobe Illustrator CC 2015 (Creative Cloud All Apps).

Statistical analysis {#sec2-9}
--------------------

Comparisons were performed using the two-tailed *t*-test; *P* values of \< 0.05 were considered statistically significant. All data are expressed as mean ± SEM. Data analysis was performed by AcaStat software 10, Winter Garden, Florida, USA).

Results {#sec1-3}
=======

VEGF and PDGF growth factor improved olfactory axonal regeneration {#sec2-10}
------------------------------------------------------------------

To determine the effect of VEGF and PDGF on olfactory nerve regeneration, we induced a large-scale injury to the olfactory nervous system and assessed the effects of the growth factors in stimulating regeneration. Our injury model was unilateral bulbectomy (removal of one olfactory bulb) (**[Figure 1A](#F1){ref-type="fig"}**) which is a well-established model of olfactory nervous system injury (Chehrehasa et al., 2010). To allow for easy visualisation of primary olfactory sensory axons, we used neonatal OMP-ZsGreen transgenic mice, in which the OMP promoter drives expression of the bright fluorescent protein ZsGreen in primary olfactory neurons (**[Figure 1A](#F1){ref-type="fig"}**). When unilateral bulbectomy is performed in neonatal mice, the neurons whose axons have already reached the olfactory bulb die off and are rapidly replaced by new neurons that arise from stem cells lining the basal layer of the olfactory epithelium. As expected, three days after bulbectomy, there was a widespread ipsilateral death of the primary olfactory neurons within the nasal cavity (**Figure [1A](#F1){ref-type="fig"}**, **[C](#F1){ref-type="fig"}**) and ZsGreen expression on the bulbectomized side revealed a dramatic loss of olfactory receptor neuron populations (**[Figure 1C](#F1){ref-type="fig"}**). However, olfactory receptor neurons in the contralateral (unoperated) side of nasal cavity remained intact (**[Figure 1B](#F1){ref-type="fig"}**) which was similar to the uninjured (no injury) olfactory epithelium (**Figure [1D](#F1){ref-type="fig"}**, **[E](#F1){ref-type="fig"}**).

![Widespread death of primary olfactory neurons in response to unilateral bulbectomy.\
Panels are coronal sections through the nasal cavity of postnatal OMP-ZsGreen (OMP-ZsG) mice, dorsal is to the top. Primary olfactory neurons are green and nuclei are blue (DAPI). (A) Three days after unilateral bulbectomy, the olfactory receptor neurons expressing ZsGreen on the bulbectomy side (left nasal cavity, NC-l) underwent degeneration and the number of neurons was reduced compared to the epithelium lining the nasal cavity on right control unoperated side (NC-r). Higher magnification views of the primary olfactory neurons (indicating by arrows) in unoperated side (B) and in the operated (C) indicated degenerating neurons at 3 days after bulbectomy. The olfactory epithelium of control animal with no injury depicted in D. E is higher magnification of D. Scale bar: 500 μm for A, 50 μm for B--D and 30 μm for E. OE: Olfactory epithelium; OB: olfactory bulb; LP: lamina propria.](NRR-13-1820-g001){#F1}

We assessed effect of the growth factors treatment on early stage of olfactory neuron regeneration by comparing the thickness of the olfactory epithelium on the bulbectomized side of growth factor treated (1.5 μg each of VEGF and PDGF delivered intranasally over 3 consecutive days after bulbectomy) and control injured (saline-treated) animals. At five days post bulbectomy, the thickness of the olfactory epithelium on the bulbectomized side was significantly reduced in both groups due to degeneration of primary olfactory neurons after injury (indicated by low ZsGreen expression; **Figure [2A](#F2){ref-type="fig"}**, **[B](#F2){ref-type="fig"}**). After 10 days, the epithelium started to replenish in both groups (**Figure [2E](#F2){ref-type="fig"}**--**[G](#F2){ref-type="fig"}**), however the thickness of the olfactory epithelium increased significantly in growth factor treated animals at 10 days and 14 days post bulbectomy (*P* \< 0.05) compared with control injured group (**[Figure 2G](#F2){ref-type="fig"}**). We chose 14 days post bulbectomy as for the regeneration period as our previous paper demonstrated that after methimazole destruction of the nasal mucosa, the olfactory epithelium regenerates to near-maximal levels by this time (Chehrehasa et al., 2010). To confirm the thickness increase was due to regenerated neurons, we quantified the number of ZsGreen positive neurons which represent mature olfactory neurons (Ekberg et al., 2011). The olfactory neuron quantifications confirmed that at 10 and 14 days post bulbectomy, there was a significant increase in number of ZsGreen positive cells in the olfactory epithelium of treated animals compared to control injured animals (*P* \< 0.05) (**[Figure 2H](#F2){ref-type="fig"}**), which coincides with increase thickness of the epithelium during this period. At 14 days post bulbectomy, the number of olfactory receptor neurons in the treated animals reached to 70% of the control uninjured animals compared to 56% in the control injured group.

![Combined vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF) treatment enhanced olfactory neurons regeneration after unilateral bulbectomy.\
Panels are coronal sections through the nasal cavity of postnatal olfactory marker protein (OMP)-ZsGreen mice, dorsal is to the top. Primary olfactory neurons are green and nuclei are blue (DAPI or 4′,6-diamidino-2-phenylindole). (A, C, E) factory epithelium of the operated side of the control injured group and (B, D, F) the growth factor treatment group post bulbectomy. Dotted line shows the thickness of the epithelium. (G) The thickness of olfactory epithelium at 3 days and 5 days post injury (*n* = 6, each time points) was significantly reduced in growth factor animals (GF) compared to control injured animals, however there was a significant increase (\**P* \< 0.05) in the thickness of epithelium at 10 days and 14 days post bulbectomy in the growth factor treatment *vs*. control injured group. (H) Growth factor treatment significantly increased the number of mature olfactory neurons (300 µm, length of epithelium) at 10 and 14 days post injury (*n* = 6 at each time points; \**P* \< 0.05, *vs*. control injured group). There was a significant difference in number of olfactory receptor neurons (H) and the olfactory epithelium thickness (G) between both injured animal groups and animals with no injury across all time points (*P* \< 0.01), indicating the successful unilateral bulbectomy which led to the degeneration of the olfactory epithelium (two asterisks were not shown in the graphs to prevent over-crowding). Scale bar is 50 μm for A--F. OE: Olfactory epithelium; ORN: olfactory receptor neuron.](NRR-13-1820-g002){#F2}

To determine whether the combined growth factor treatment affected generation of immature olfactory receptor neurons in the bulbectomized olfactory epithelium, we immunolabelled the olfactory epithelium with antibodies against GAP-43 which is a marker of immature neurons. We found that the expression of GAP-43 significantly increased at five days (**Figure [3C](#F3){ref-type="fig"}**, **[D](#F3){ref-type="fig"}**) and seven days post bulbectomy (**Figure [3G](#F3){ref-type="fig"}**, **[H](#F3){ref-type="fig"}**) in growth factor treatment animals (*P* \< 0.05) (**[Figure 3I](#F3){ref-type="fig"}**) compared to control injured and uninjured group (only 7 days), indicating the growth factor treatment increased the number of immature neurons before mature ZsGreen neurons can be detected. Overall these results confirmed the combined growth factor increased regeneration of olfactory neurons after bulbectomy.

![Combined VEGF and PDGF treatment enhanced immature olfactory neurons generation.\
Panels are coronal sections through the nasal cavity, illustrating operated side of olfactory epithelium of OMP-ZsGreen mice; dorsal is to the top. Immunolabeling of the olfactory epithelium with anti-growth associated protein-43 (GAP-43) (magenta) showed the treatment group had more GAP-43 positive neurons at 5 days (C, D) and 7 days (G, H) compared to the control injured group (5 days: A, B; 7 days: E, F). (I) There were significantly more GAP-43 positive neurons (300 µm, length of epithelium) at 5 and 7 days post bulbectomy (\**P* \< 0.05) (*n* = 6 at each time point) in the treatment group *vs*. control injured, and the treatment vs control no injury groups (only at 7 days). Nuclei are stained with DAPI (4′,6-diamidino-2-phenylindole). Scale bar is 50 µm for A--H.](NRR-13-1820-g003){#F3}

Combined VEGF and PDGF growth factor reduced glial scar formation by astrocytes {#sec2-11}
-------------------------------------------------------------------------------

We next examined the cavity left by the olfactory bulbectomy to determine whether the growth factor treatment affected the arrangement of the regenerating plexus and the subsequent axon extension. We have previously shown that following bulbectomy in neonatal animals, olfactory axons enter the cavity left by bulbectomy and form a regenerating plexus (Chehrehasa et al., 2005). At 14 days after bulbectomy, the axons had entered the cavity left by bulbectomy and occupied the rostral half of the cavity in both growth factors treated and control injured animals (**Figure [4A](#F4){ref-type="fig"}**, **[B](#F4){ref-type="fig"}**), however, the regenerated plexus was much larger and formed larger axon bundles in growth-factor treated animals (**Figure [4A](#F4){ref-type="fig"}**, **[E](#F4){ref-type="fig"}**) in comparison to control injured animals where the axon bundles were much smaller (**Figure [4B](#F4){ref-type="fig"}**, **[F](#F4){ref-type="fig"}**). To examine the regenerating plexus further, we immunolabelled the cranial cavity sections with GFAP antibody which is a marker of astrocytes. At 14 days post bulbectomy, GFAP positive cells were present in the operated cavity and contralateral unoperated side in both animal groups (**Figure [4A](#F4){ref-type="fig"}**--**[D](#F4){ref-type="fig"}**). However, GFAP positive cells were distributed mostly around periphery of the regenerating plexus in growth factor treated animals and not many were present inside the plexus (**Figure [4A](#F4){ref-type="fig"}**, **[C](#F4){ref-type="fig"}**). In the control injured animals, the GFAP positive cells were present inside the plexus and tightly wrapped smaller axon bundles (**Figure [4B](#F4){ref-type="fig"}**, **[D](#F4){ref-type="fig"}**). It was also noticeable the astrocytic glial layer was much thinner over the regenerating plexus in growth factor treated compared to control injured animals (**Figure [4C](#F4){ref-type="fig"}**, **[D](#F4){ref-type="fig"}**). In growth factor treated animals, astrocytes covering the superior part of the regenerating plexus were more spread out with bigger gaps between them than in control injured animals (**Figure [4G](#F4){ref-type="fig"}**, **[I](#F4){ref-type="fig"}**). In contrast, in control injured animals, astrocytes were tightly wrapped around axon bundles (**Figure [4H](#F4){ref-type="fig"}**, **[J](#F4){ref-type="fig"}**). We then quantified the number of astrocytes in both animal groups and found that there were significantly less astrocytes in the operated cavity of growth-factor treated animals in comparison to control injured animals (*P* \< 0.01; **[Figure 4K](#F4){ref-type="fig"}**). Overall, these data show that treatment with VEGF/PDGF reduced the astrocytic scar after olfactory nervous system injury.

![The growth factor (GF) treatment reduced astrocytic glial scars and improved axonal fasciculation.\
Panels are coronal sections through the olfactory bulb of operated animals. Astrocytes were immunolabelled with anti-glial fibrillary acidic protein (GFAP) (red); axons are green. At 14 days after bulbectomy, the regenerating axons entered the bulbar cavity with larger axon bundles in treated animals (A, B, arrows). The operated cavity contained less astrocytes in the growth factor treatment animals (A, C) compared to the control injured animals (B, D, arrows), the vertical dotted line indicated the thickness of the astrocytic scar. (E--J) Higher magnification of the area highlighted with arrows in A, B. At 14 days post bulbectomy, the regenerating axons formed a large axon bundle in the treatment group (E, dashed line) compared to the control injured animals with a few smaller axon bundles (F, dashed line). The astrocytes were tightly wrapped around the axon bundles in the control injured animals (H, J, arrowheads), while they were distributed more in the peripheral part of the plexus with more gaps between cells allowing axonal extension (G, I, arrowheads and arrows). (K) There were significantly less astrocytes in the operated cavity of the treated animals compared to control injured animals (*n* = 6, \*\**P* \< 0.01). Scale bars: 500 μm for A--D and 50 μm for E--J.](NRR-13-1820-g004){#F4}

Combined VEGF and PDGF growth factor increased olfactory axon extension and fasciculation in the bulbar cavity {#sec2-12}
--------------------------------------------------------------------------------------------------------------

The reduction of the astrocytic glial scar in the operated cavity led us to further examine the distribution of regenerating axons throughout the cavity in the operated animals. We chose the time-point of 14 days post bulbectomy when axonal regeneration is at its peak rate (Chehrehasa et al., 2010). At 14 days post bulbectomy, regenerating axons in growth factor treated animals extended to very caudal region of the cavity at the plane equivalent to forebrain cortex (Ct) on the unoperated contralateral side (**[Figure 5A](#F5){ref-type="fig"}**). However, in control injured animals, regenerating olfactory axons did not reach at the plane equivalent to forebrain on the unoperated contralateral side (**[Figure 5B](#F5){ref-type="fig"}**). Next, to confirm whether the treatment had an effect on extension of regenerating neuron axons into the operated bulbar cavity, we quantified the distribution of regenerating axons within the operated cavity of growth factor treated and control injured animals by measuring the rostral-caudal length in which the axons were present. At 14 days post bulbectomy, the axons in growth factor treated animals all projected significantly deeper into the cavity left by the bulbectomy than in the control injured group (*P* \< 0.05; **[Figure 5C](#F5){ref-type="fig"}**).

![Combined PDGF and VEGF enhanced olfactory axon extension.\
Panels are coronal sections through the bulbar cavity of operated animals. Primary olfactory neurons are green and nuclei are blue (DAPI or 4′,6-diamidino-2-phenylindole). (A) 14 days post bulbectomy, the regenerating plexus (arrowhead) in GF treated animals extended to the caudal region of cavity to the level of forebrain cortex (Ct) on the unoperated side. (B) In control injured animals, the plexus was not observed (arrowhead) at the level of the forebrain cortex on the unoperated side. (C) After 14 days post bulbectomy, the regenerating olfactory axons in the growth factors treatment projected significantly deeper into the cavity left by the bulbectomy in comparison to the control injured animals (\**P* \< 0.05). Nuclei are stained with DAPI (blue). Scale bar is 500 μm for A, B. OB: Olfactory bulb; GF: growth factor.](NRR-13-1820-g005){#F5}

These results confirmed the regenerating axons in growth factor treated animals extended over a greater volume of the operated cavity in comparison to axons in control injured animals.

Discussion {#sec1-4}
==========

This study demonstrated that combined VEGF and PDGF treatment significantly improved olfactory axon regeneration and reduced astrocytic scar formation after bulbectomy. Our results showed that in the growth factor treated group, there was an increase of GAP-43 positive neurons (immature neurons) at day 5 and 7 post bulbectomy in the operated olfactory epithelium suggesting the treatment enhanced the turnover of olfactory receptor neurons. At day 10 and 14 post injury, the number of mature olfactory neurons (indicating by OMP-ZsGreen positive cells) also significantly increased which coincided with an increase in the olfactory epithelial thickness at day 10 and 14 post bulbectomy. We also showed that the treatment enhanced axonal extension as they projected significantly deeper into the cavity left by the bulbectomy compared to control injured animals. These results are consistent with effects seen in other regions of the nervous system. Reduced tissue loss, improved axonal regeneration and locomotor function were also reported in previous studies using VEGF and PDGF treatment after spinal cord and stab brain injuries (Norazit et al., 2011; Lutton et al., 2012; Chehrehasa et al., 2014).

We found that in the operated cavity, the astrocytic glial scar surrounding the regenerating plexus was much smaller in the treatment group which may be the reason for which the axons projected over a larger volume in the operated cavity. In contrast, in control injured animals, the astrocytic glial scar was thicker and present around and within the regenerating plexus, where the small axon bundles were tightly wrapped by astrocytes. At this stage, the exact mechanisms underlying presence of a smaller glial scar in growth factor treated group remain unclear. It is possible that presence of more regenerating axons in the treatment group occupied the majority of the operated cavity which subsequently pushed the astrocytes to the forebrain. Another possible mechanism might be that the growth factors treatment reduced the glial scar formation similar to the previous studies using combined VEGF and PDGF treatment after spinal cord injury and stab brain injury (Norazit et al., 2011; Lutton et al., 2012; Chehrehasa et al., 2014).

The identities of cells upon which the growth factors act through are not well understood in mice. However the presence of VEGF and its receptor in the olfactory system has been reported in amphibians (Pozzi et al., 2006). VEGFR-1 signalling has been involved in neurogenesis of interneurons of the olfactory bulb in mice (Wittko et al., 2009) and an increase in generation of new neurons after VEGF infusion into lateral ventricle was reported in the subventricular zone and olfactory bulb (Schanzer et al., 2004). VEGFR is also reported in the human neuronal stem cell/progenitor cells derived from the olfactory epithelium which affect the migration of progenitor cells (Ramirez-Rodriguez et al., 2017). PDGF also acts on olfactory precursor cells and immature neurons of the olfactory epithelium *in vitro* and increases their survival rate (Newman et al., 2000). Our data confirmed the combined growth factor treatment increased the number of immature neurons in the olfactory epithelium, an effect likely mediated by PDGF.

While the exact mechanisms which the growth factors act upon the olfactory epithelium cells remains unclear, it is likely that VEGF stimulated proliferation of the stem cells/progenitor cells of the olfactory epithelium to form new neurons and replenish the injured olfactory epithelium and it seems PDGF enhanced maturation of immature olfactory neurons.

In summary, combined VEGF and PDGF treatment improved regeneration of the mature and immature olfactory receptor neurons after unilateral bulbectomy and the regenerating axons formed larger bundles and extended over larger volume to the operated cavity. The astrocytic glial scar within the operated cavity was smaller which could be due to presence of a larger regenerating plexus in the treated animals. Although the cellular mechanisms remain undetermined, the beneficial effects of VEGF and PDGF to restore sense of smell warrant future investigation.
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